Many parasites with complex life cycles modify their intermediate host's 19 behaviour, which has been proposed to increase transmission to their definitive 20 host. This behavioural change could result from the parasite actively 21 manipulating its host, but could also be explained by a mechanical effect, where 22 the parasite's physical presence affects host behaviour. We created an artificial 23 internal parasite using silicone injections in the body cavity to test this mechanical 24 effect hypothesis. We used the Schistocephalus solidus -threespine stickleback 25 (Gasterosteus aculeatus) system, as this cestode can reach up to 92% of its fish 26 host mass. Our results suggest that the mass burden brought by this 27 macroparasite alone is not sufficient to cause behavioural changes in its host. 28 Furthermore, our results show that wall-hugging (thigmotaxis), a measure of 29 anxiety in vertebrates, is significantly reduced in Schistocephalus-infected 30 sticklebacks, unveiling a new altered component of behaviour that may result 31 from manipulation by this macroparasite.
Introduction
. The stomach's capacity for expansion may thus be limited in heavy 79 infections (Milinski, 1985) , potentially resulting in a decrease in food intake 80 (Wright et al., 2006) .The fish's abdomen becomes grossly distorted as the 81 parasite grows inside it (Arme and Owen, 1967) . This abdomen distortion may 82 make sticklebacks more vulnerable to predatory birds that select the largest 83 available fish from the population (Van der Veer et al., 1997) . S. solidus might 84 also alter the buoyancy of its fish host, as the density of the cestode is higher 85 than that of the stickleback (LoBue and Bell, 1993) . This means that the host 86 must use its swim bladder to reach higher buoyancy despite the parasite mass 87 (Talarico et al., 2017) . Concurrently with morphological changes, a suite of 88 behaviours is changed in sticklebacks harbouring at least one infective parasite. 89 They show more risky behaviours: they lose their anti-predator response and 90 forage at a higher rate, even under the risk of predation (Milinski, 1985; Giles, 91 1987; Godin and Sproul, 1988; Barber et al., 2004) (Tierney et al., 1993) . They 92 also spend less time swimming with a group than uninfected ones when satiated 93 (Barber et al., 1995; Barber et al., 1998) . Moreover, infected fish tend to stay at 94 the water surface both in nature and in the laboratory, contrary to healthy 95 sticklebacks (they show "reversed geotaxis", LoBue and Bell, 1993; Quinn et al., 96 2012). Studies on host manipulation have aimed to unravel the most plausible 97 cause of host behaviour modification through manipulation of the neuroendocrine 98 state of infected stickleback (Grécias et al. 2017) or by directly measuring 99 monoamine levels in parasitized sticklebacks compared to healthy ones (Øverli et 100 al., 2001) . Bioinformatics and genomics studies have also shown that certain S. 101 solidus proteins (such as Wnt4, known for its role in signal transduction in other 102 systems) proposed to be a mimic of the stickleback protein, are expressed at the 103 infective stage in S. solidus (Hébert et al., 2015; Hébert et al., 2016) . However, to 104 our knowledge, no study has tested the mechanical effect hypothesis of host 105 alteration by a parasite using an experimental approach, in this system or 106 another.
108
The aim of this study was to assess the impact of a parasite mass burden on the 109 behaviour of its host in order to test whether there is a causal link between the 110 parasite "mechanical effect" and behaviour alteration in the stickleback-cestode 111 system. We used phenotypic engineering, the experimental modification of an 112 organismic phenotype, as it allows to separate a complex phenotype into its parts 113 and to focus on the effects of a single trait (Kliman, 2016) that allows testing 114 predictions in a specific manner (Andersson, 1992; Aubret et al., 2003) . We 115 manipulated the space available in the body cavity of the fish by injecting an 116 artificial silicone "worm" that is inert but similar in physical property to a live 117 parasite, allowing isolating the mechanical effect of Schistocephalus on its host. 118 We quantified four different behaviours: reversed geotaxis (tendency to use the 119 top of the water column), response to a predator, feeding, and thigmotaxis (wall-120 hugging tendency). We predicted that sticklebacks harbouring an artificial worm 121 would increase the time they spend swimming at the surface (reversed geotaxis) 122 because of their buoyancy, as infected sticklebacks do. We also predicted that 123 the sticklebacks harbouring an artificial worm would decrease their latency to 124 start feeding, to freeze after an attack (they would freeze immediately instead of 125 displaying a typical fleeing anti-predator response, because of an impairment in 126 locomotion) and to resume moving. Finally, we measured a behaviour not 127 previously quantified in infected sticklebacks, the tendency to avoid exposure to common in endocrinology studies, see example in Ros et al., 2012) . This specific 151 type of silicone was selected for its similarity in density with S. solidus (see Fig. 152 S1 for a direct comparison). To replicate the mass of the parasite, we injected 80 153 ul of silicone per injection every two days on three occasions (see below) to 154 achieve a 150 mg mass. In parallel, to discriminate the effect of the mere 155 exposure to silicone on behaviour from the effect of the volume of the artificial 156 worm, we injected a small amount of silicone to a separate group of fish used as 157 controls (15 ul / injection, for a total mass of 30 mg), also every two days on three 158 occasions. 159 We had four experimental treatments: Silicone Artificial Parasite (80 ul of silicone 160 / injection, n=15), Silicone Control (15 ul of silicone / injection, n=14), infected fish 161 (infected with S. solidus, n=5) and control fish (no material injected, n=6).
162
Infected and control fish were handled in the same way as other groups, but 163 instead of injecting them, we only inserted a needle in their body cavity.
164
Fish were isolated in a 2L tank at the start of the experiment (Day 1). We 165 assigned them randomly to a treatment for the rest of the experiment. Fish were 166 fed every day, except on the day before the behavioural tests. Fish were handled 167 every two days. During the first week (Control week) we handled the fish to 168 recreate the experimental manipulation, but without any injection (day 1, 3, and week (Day 14), we measured the same behaviours. On day 15, we euthanized 176 the fish. Total length (6.6 ± 0.59 cm), mass (1.6 ± 0.84 g), sex, and the presence 177 of a parasite were noted (a single infective plerocercoid (>50mg) was found 178 inside the body cavity of each infected stickleback) Two cameras (on the top and side of the aquarium) recorded all behavioural trials 181 in the test aquarium (30Wx30Dx90L cm, 20cm of water depth).
182
At the start of the experiment, an isolated focal fish was placed inside an opaque 183 container (500 mL), which was placed horizontally into the behaviour test tank.
184
As soon as the fish exited the container (or after 150 sec), the container was 185 taken out of the aquarium and the behavioural trial started. The first 30 seconds 186 after the container removal were not used because of the water movement due to 187 its removal. 193 Latency to feed: Right after the preceding measurements, the fish was fed with 194 blood worms released in the water using a plastic pipette (within 5 cm of the fish 195 head). Food was released in front of the fish to ensure it was detected in all trials.
196
Latency to feed was quantified, up to a maximum of 150 seconds.
197
Response to a predator: As soon as the fish had fed (or after 150 sec), we 198 attacked the fish (within 5 cm of the fish head) with an artificial heron head (only 199 the beak penetrated the water, 10 to 15 cm) to simulate a predator attack. We explanations for these observations that do not necessarily invoke any active 230 manipulation. We designed the experiment to test the impact of the parasite 231 mass burden on stickleback behaviour and to compare it to the effect of a S. 232 solidus infection using an artificial worm. Contrary to our predictions, 233 phenotypically manipulated individuals with an artificial worm mass did not show 234 similar behavioural responses to infected ones. In fact, the largest difference we 235 quantified between treatments was between infected fish and fish injected with 236 an artificial worm. Infected fish spent more time performing risky behaviour while 237 fish implanted with an artificial worm did not differ from control fish. Thigmotaxis 238 was different between infected and phenotypically-engineered fish: infected fish 239 spent significantly more time in the center than fish with an artificial parasite (p = 240 0.007) and fish used a silicone controls (p = 0.039) ( Fig. 1a , Table S1 and S2).
241
Infected fish also had a shorter latency to enter the center of the test tank than 242 the artificial parasite-implanted fish, but this difference was not significant (post-243 hoc test, p = 0.055) ( Fig. 1b , Table S1 and S2). Geotaxis was not affected: there 244 were no differences in the time spent in the upper part of the aquarium across 245 any of the treatments (Fig. S2 , Table S1 and S2). Feeding also differed between 246 groups: infected fish had a significantly shorter latency to feed than fish with the 247 artificial worm (p = 0.022) and fish used as silicone controls (p = 0.031) ( Fig. 1c,   248 Table S1 and S2). Furthermore, infected fish had a shorter latency to freeze after 249 a predator attack than the artificial parasite-implanted fish (p = 0.0003) and the 250 fish injected with a small amount of silicone (p = 0.008) ( Fig. 1d , Table S1 and 251 S2). There were no significant differences in the time spent frozen after an attack 252 across any of the treatments (Fig. S3 , Table S1 ). Our results show that the 253 experimental behavioural tests were appropriate to detect previously described 254 changes in behaviour in infected fish, but that the phenotypic engineering 255 approach using silicone injections did not result in the predicted behavioural 256 changes. Our results also show that thigmotaxis (wall hugging, a measure of 257 anxiety in several vertebrates) is significantly lowered in infected sticklebacks, a 258 behaviour change not previously reported for this system that can be reliably 259 quantified and used in future studies. This study was the first to test a strictly mechanical effect hypothesis to explain 262 behavioural alteration in a parasitized host. Our results suggest that the space taken by a Schistocephalus worm at its infective stage when behavioural 264 modifications are usually measured is not the cause of the behavioural changes 265 in its host, at least not in isolation. Indeed, S. solidus is alive in the body cavity of 266 its host, and hence is not only a mass burden but is also moving and can impact 267 fish physiology, including the digestive track, when moving between organs. We 268 did not try to reproduce the movement of the parasite in the body cavity of its 269 host as a cause of behavioural modification. Therefore, the "parasite behaviour" 
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However, contrary to our prediction, we did not find significant differences in time 284 spent at the surface between groups (Fig. S2) . In a previous laboratory 285 experiment, we tested if individuals prefer to swim in shallow waters versus in the 286 deeper part of a tank and showed variation among treatments and also among 287 individuals from a given treatment (Grécias et al., 2017) . We expected that 288 allowing individuals to use the full water column (rather than giving them a binary 289 choice) would result in a better discrimination of geotaxis, but it did not in the 290 experimental set-up used, which was much shallower than in Talarico et al. 2017
291
(20 cm water depth in the present study versus 50 cm). As a cautionary note, we 292 only had five infected fish available for the experiment, which limited our 293 statistical power to detect a geotaxis tendency if this behaviour is more variable 294 among individuals. Furthermore, we did not use experimental infections but 295 rather relied on wild infected-individuals. Another study showed no differences in 296 the water column position at which parasitized and healthy sticklebacks were 297 caught, and propose that buoyancy problems may increase with larger parasite 298 mass, but that the worms do not usually attain this mass in the wild because its 299 host is predated earlier (Ness and Foster, 1999) . In freshwater fish, the swim 300 bladder takes 7% of the body volume (Fänge, 1983) . While it has been reported 301 that there is no significant reduction in swim bladder size of infected fish (Arme 302 and Owen, 1967), it would be interesting to not only analyze the space taken by 303 the parasite as in the present study, but also its impact on the swim bladder, as 304 previously suggested by Meakins and Walkey (1975) .
306
The "wall hugging tendency" (thigmotaxis) was lower in infected sticklebacks, as 307 they swam readily in the center of the tank, which could reflect lower anxiety 308 brought-about directly or indirectly by the Schistocephalus infection. Thigmotaxis 309 has been previously measured in wild healthy ninespine sticklebacks (Pungitius 310 pungitius), a closely related species to threespine sticklebacks, and has been 311 shown to be consistent when measured more than once on the same individual 312 (Webster and Laland, 2015) . Wall-hugging ninespine sticklebacks (high 313 thigmotaxis) also showed lower activity and a higher latency to explore a new 314 environment (Webster and Laland, 2015) . In zebrafish, avoidance behaviour 315 measured as thigmotaxis is used to assess anxiety level, and can be lowered Table S2 Statistically significant comparisons between two treatments for a given Figure S1 . The artificial parasite and S. solidus worms have similar 511 densities. Relationship between mass (mg) and volume (ml) of the silicone- 
